The main problem in power transformers is the degradation of the isolation, and partial discharges are a major contribution to this shortcoming. Partial discharges inside medium-and high-power transformers generate ultrasonic pressure waves which are usually detected by using acoustic piezoelectric sensors placed outside the transformers. In this paper we describe an optical fibre interferometric sensor we are developing for the detection and location of partial discharges by measuring inside the power transformers. This non-intrusive optical fibre sensor allows a high level of sensitivity to be achieved for the typical small pressure variations created by partial discharges, specially if compared with the results obtained by acoustic piezoelectric external sensors. We present interferometrically detected levels of partial discharge. These results indicate that the developed optical fibre sensor is able to detect a partial discharge in the range of 10 3 pC that produces an optical phase shift of about 2 rad with a resolution of 30 pC in charge means. Finally, the wavelet analysis is used to identify the acoustic patterns instead of the more commonly used Fourier analysis. When transforming the measured signal to the frequency domain, the temporal information disappears. But the acoustic signals really contain numerous transitory pieces of information to be considered. By looking at a Fourier-transformed signal it is impossible to state when a particular event took place. The wavelet analysis helps to solve this problem, and some results are presented here to show this.
Introduction
The main problem in power equipment is the degradation of isolation. In medium-and high-power transformers, this electric isolation has a limited duration for acceptable conditions, and its degradation during the period in service is due to the accumulation of mechanical, thermal and electric effects. In fact, partial discharges are electric phenomena which are a major shortcoming of the isolation. They produce quick transfers of charge in localized areas and, consequently, create a high-frequency electric distortion that propagates through the electric circuit. Methods that have been investigated so far for measuring partial discharges are [1] :
• Electric detection: detecting the electrical impulses generated; • Acoustic detection: with acoustic sensors outside the transformer; • Optical detection: emitted light between 300 and 500 nm;
• Chemical transformation: measurements of the compounds that arise after a discharge.
It is well known that partial discharges generate ultrasonic pressure waves, which can be used to detect the intensity and location of the partial discharges. The frequency band of the discharges in oil includes a wide range approximately between 20 and 300 kHz, which are typical values in real transformers [2] . Partial discharges have been detected using piezoelectric acoustic sensors for typical frequencies of about 150 kHz placed externally in relation to the transformer [3] . The authors in [3] also present a scheme for the location of partial discharges by means of triangulation based on the times of propagation measured at different positions of the sensor on the outside of the transformer. Since the ultrasonic signals travel from the origin of a discharge to the sensor along different paths and at different speeds, this means that low precision is achieved. In fact, this is the main limitation of the external location, because it is too difficult to distinguish the signal coming from the origin and those corresponding to alternative paths of the reflected signals. If the sensors are located inside the transformer then this problem is overcome ( figure 1) .
The use of optical fibre sensors presents many advantages: immunity to electromagnetic fields even with the fibre in contact with parts in the high-voltage environment, along with their most important physical advantages such as being light, small, highly flexible, highly sensitive and having a large bandwidth. The use of interferometric optical fibre sensors inside the transformer allows a high level of sensitivity to be achieved for the typical small changes of pressure created by partial discharges [4, 5] . Optical fibre methods involve optical phase modulation by the pressure, so interferometry is used and based on optical fibre intrinsic interferometers such as the Michelson and Mach-Zehnder [4] . However, their outputs can fade, and the temperature drift induces changes in the path length difference, as well.
The motivation behind this investigation is the development of interferometric optical fibre sensors applied inside transformers [6, 7] . As a result, we have a laboratory environment that provides the specific conditions for interferometric measurement inside transformers (figure 1). This research is focused on the detection of acoustic waves derived from partial discharges, as they are not affected by electromagnetic interferences (EMI). The objective of our work is to develop a measurement system for monitoring partial discharges. We show an optical fibre interferometric sensor and its results for partial discharge measurement which is clearly characterized without the impact of other disturbances. In this paper, we demonstrate that optical fibre sensor systems are well adapted for non-intrusive detection of partial discharges when being placed inside power transformers and by using wavelet analysis.
The paper is organized as follows. Section 2 presents the characteristics of the interferometric system given by the principle of operation, the basis of the improved sensitivity sensing and small signal interference output characteristics. Section 3 presents the calibration used as a reference for the output signal. Experimental results are included here. Section 4 is devoted to the wavelet analysis of the signals in order to detect the acoustic patterns as events instead of a Fourier analysis. As a result, the generation and detection of partial discharge is proved. Finally, our conclusions are discussed in section 5.
Characteristics of the interferometric system
The interferometric sensor of partial discharges is based on optical phase measurements with an optical fibre intrinsic transducer. The experimental set-up is presented in figure 2 , where the partial discharge generation and implemented optical fibre measurement system are shown in detail. It is based on a Mach-Zehnder interferometer with optical fibres in the reference and sensing arms. Both arms have the same length and are constructed with identical coils. One fibre, used as the sensing arm, has its sensor coil submerged in transformer oil exposed to the perturbations caused by partial discharge acoustic waves. The other fibre, used as the reference arm of the interferometer, is isolated from the impact of the acoustic wave and is used as a reference for the optical path of the light that propagates through the modulated fibre.
The interferometer is illuminated with a coherent light source, a He-Ne laser (633 nm). Polarization control is accomplished to assure that no signal fades due to the birefringence of the fibres. A beamsplitter is used at the laser output, as well as fibre coupling optics, sensor and transmission elements of single-mode fibre (4 µm diameter) of identical length in both arms, and a mixer for the recombination of two beams focused onto the optical detector. Both arms are 12 m With this sensor very high sensitivity is reached, especially if compared with external piezoelectric acoustic systems. For the measurements of partial discharges at the tests, this sensitivity is enough to detect electric charges of 10 3 pC, which is what we are looking for [8] . Moreover, this sensitivity could be vastly increased by using more length of fibre at the sensor coil and maintaining a compact solution. It is expected to detect partial discharges of up to 10 pC or smaller.
The transduction of the acoustic stimulus on the fibre sensor arm is made through changes in the optical phase which are proportional to the pressure changes suffered by the fibre. A pin photodiode is focused onto the main disc of the fringe pattern resulting from combining the light beams of both single-mode fibre outputs. In this case, the stimulus forces an interference intensity given by
where I is the intensity output at the detector, I 0 /2 is the mean value of the intensity at the detector, φ i is the initial phase when changes are produced, and φ is the optical phase change due to the acoustic wave generated by the partial discharge. The optical phase has been obtained in a small signal range ( φ < π rad) which modulates the intensity around the quasistatic initial optical phase. The disturbance of temperature is mainly due to a very low frequency random drift of the optical phase that is related to the optical path's stability of the interferometer's set-up and to the response of the fibres to thermal changes. Its impact is far slower than the dynamic behaviour of the pressure changes. The intensity response is quasi-linear to the partial discharge waves in the range of less than π rad in quadrature operation (φ i = π/2) without the need of an additional external modulation. The phase information is extracted from the intensity signal with cos −1 processing [9] . One can assume a linear relationship between the amplitude of the acoustic wave and the discharge magnitude (in picocoulombs) [10] . Considering that the acoustic pressure at 10 cm from a 10 pC discharge source is 0.6 Pa [11] and wave amplitudes are attenuated by 1/D, where D is the distance from the source [12] , in our system with the sensor placed at 0.5 cm from the source, 10 pC represents 12 Pa at the fibre sensor. For this approximation we assume that the fibre optic coil sensor is a compact sensor, and a sensitivity S of approximately 4.9 × 10 −12 Pa −1 is obtained for a single-mode silica fibre [13] . In this way, the pressure increment P corresponding to an optical phase change φ is determined by
where P is the pressure induced onto the fibre, φ is the associated optical phase change, S is the constant term (sensitivity) that relates optical phase and pressure for ultrasonic waves as in [13] , λ is the wavelength of the light, n is the mean refractive index of the fibre and L is the length of the fibre exposed to the pressure field.
Concerning partial discharge generation, we assume that a partial discharge makes a short circuit between two electrodes under voltage excitation, into small gassy cavities inside the isolation. We have tried to reproduce this behaviour with the assembly of two electrodes separated by cellulose insulating material and submerged in oil (see figure 2) . Partial discharges are generated using a flyback transformer, excited with a chopper circuit, which reaches a high voltage of up to 3 kV and produces the perforation of electric isolation of the dielectric material between the two electrodes. In this way partial discharges have been generated at certain instants of time set by the chopper excitation circuit [14] .
The magnitude of electrical charge generated using this procedure is higher than the typical values expected for partial discharges, which are in the range of tens to hundreds of picocoulomb. However, our interest is devoted mainly to the acoustic wave pattern and the design of the optical fibre sensor, which are both sufficiently represented in the experiments despite the higher amplitude of the discharge.
Experimental results
Partial discharge generates an acoustic wave which spreads in a radial direction. It causes a displacement of the interference rings. With the purpose of having a reference of the interferometric output signal, the reference arm has been forced with a controlled stimulus. In this case, the uniform displacement of the interferometric output is a sinusoid evolution of the optic power received at the photo-detector. The passing of maximum and minimum levels is used as a reference in order to characterize the changes in the optical phase taken place due to partial discharges and in a range of π rad ( figure 4(a) ). The interferometric output signal, as a response to partial discharge stimulus, is represented in figure 4 (b) where we can appreciate a typical interference pattern. As in regular interferometers, the measurements have a high level of sensitivity. However, the measurement would suffer sensitivity reduction when the sensor reaches peaks or valleys of the fringes because at these points the change in optical intensity is almost zero. However, as mentioned previously, this problem is overcome by operating the interferometer in quadrature during the tests ( figure 4(b) ). A linear range of half a fringe is obtained with cos −1 choosing the centre of one interference fringe as the initial point [9] . The signal consists of a decaying oscillation. We have obtained the phase shift knowing that we have a small signal response and that the benchmarks marked by previously interferometer calibration are never reached ( figure 4(b) ). We have adapted the output intensity signal in function of the calibration and applied the cos −1 function to find the optical phase shift [9] .
The optical phase shift φ obtained in the tests is up to 2 rad, which corresponds to an equivalent global displacement of the fibre of 120 nm ( figure 5(a) ). Although the transduction of the acoustic wave onto the fibre sensor is realized through the pressure of stretching it, the results are presented in terms of changes in length in order to compare with the interferometric master reference provided by the light wavelength. Transferred to equation (2) and knowing the length inside the oil (8 m), a pressure measurement of P = 3530 Pa is obtained. A first approach at electric charge is detected; assuming a linear relationship with pressure, the results are about 3000 pC, as was expected in the range of 10 3 pC [8] . The spectrum of the interferometric output signal ( figure 5(b) ), which is generated with a FFT algorithm, shows that frequency components are around 15-17 kHz. Recall that piezoelectric measurements have to discard a low-frequency bandwidth (up to 5 kHz) to prevent disturbing effects caused by harmonics of the transformer voltage. In our system we do not have to worry about this because the fibre sensor is immune to EMI. Consequently, the use of a high-pass filter applied to the acoustic signals is not necessary, unlike for piezoelectric sensors, and partial discharges can be detected in base-band frequencies such as those presented here.
The phase resolution obtained is around 4 × 10 −3 fringes as we have 5 Msamples s −1 over 2 ms of time observation of partial discharge which means about 80 samples over 2 rad of the faster transition ( figure 5(a) ). This value is limited by the minimum optical phase shift detected by the acquisition system and the sampling rate. It corresponds to about 30 pC of charge resolution. Compared to other experiments [5, 8, 11, 15] , this technique shows robustness without complexity.
Typical results in the bibliography concern the frequency or spectrum of the signals detected and associated with the partial discharge. The standard acoustic methods used to detect partial discharge employ piezoelectric external sensors. As a result, a typical frequency of around 150 kHz is looked for, far away from the electrical noise. Observing the results of the above-mentioned references, a wide frequency range is assumed to be quite adequate for the acoustical detection of partial discharges: from 10 kHz [8] to up to 120 kHz [15] . The main limitations behind these experiments is that they only obtain frequency information from the acoustic signals because of the very low amplitude output, or they only detect peaks derived from the stimulus [11] . Sensing length ranges from 10 m [5, 11] to 100 m [5] . Moderate distances from the stimulus are considered [11] , up to 50 cm with acceptable output levels [15] .
Our system is capable of detecting clear acoustic signals with a reasonable length of optical fibre. Consequently, we are able to conduct a wavelet analysis, after the frequency analysis, for a better interpretation of the results obtained. However, the extrinsic Fabry-Perot sensor presented in [15] has a linear operating range determined by the cavity design. The partial discharges obtained are about 120 kHz in different tests at different locations of the sensor from the origin. The main limitation compared to our implementation relates to increasing the sensitivity, as well as to fabrication of the sensor. Our intrinsic optical fibre transducer is more sensitive simply due to the use of a longer fibre, and its compaction. Further, [8] shows values of the charge involved in the partial discharge. It is acoustically detected for about 200 nC, much larger quantities than the measurements obtained with our system. The frequency spectrum is about 10 kHz, and the influence of different characteristics of the fibre and optic intensity output has been studied.
It has been demonstrated that when partial discharges are accompanied by 'buzzes', which can be heard, the amplitude of the components with frequencies between 15 and 20 kHz in the presence of this discharge noise is higher than in their absence [16] .
The difference between the frequency values, 120 kHz compared to 15-17 kHz, stems from the diffraction of acoustic waves. Diffraction appears when the acoustic wavelength becomes comparable to the probe size. The velocity of acoustic waves in transformer oil is about 1400 m s −1 . For a 100 kHz ultrasonic wave, the acoustic wavelength is therefore 14 mm. As our fibre coil sensor has a 25 mm diameter, greater than the acoustic wavelength, a diffraction phenomenon is produced. Even so, we can detect partial discharge by looking at group velocity signals (without the superposition of several signals as in [15] ).
Wavelet analysis of partial discharges
If signals do not vary too much in the time domain stationary signal Fourier analysis is useful. However, most of the acoustic signals contain numerous non-stationary or transitory characteristics: tendencies, abrupt changes, and start and end points of the signals. These characteristics are often the most important part in the signals, and Fourier analysis does not allow them to be obtained due to its serious disadvantage: when transforming to the frequency domain, temporal information disappears. It is impossible to look at a transformed Fourier signal and state when a particular event took place.
A wavelet is a finite waveform with null average value. Fourier analysis consists of the decomposition of the original signal into sinusoid signals of several frequencies. In contrast, wavelet analysis decomposes the original signal into scaled signals of the original wavelet (or mother). It can be appreciated intuitively that signals with form changes, characteristic of those generated by partial discharges, can be better analysed with an irregular wavelet signal than with a uniform Fourier sinusoid.
In wavelet analysis we have to work with two signals: the approximation and the detail (figure 6). The approximation corresponds to low-frequency components and the detail corresponds to high-frequency components. The original signal passes through two filters and two signals emerge. These are the approximation signal (low frequency) and the detail signal (high frequency). This decomposition process could be iterated generating the decomposition wavelet tree.
In the paper published by Masanori [17] the Mexican hat and Daubechies are proposed as wavelet functions for acoustic partial discharge analysis. Of the two, it concludes that the Daubechies wavelet function is more effective than the Mexican hat wavelet function for the study of partial discharges. Thus, the Daubechies 16 wavelet transform has been used, at level 5 of decomposition for the wavelet analysis applied to the signals obtained in our system. The fundamental reason for this choice is based on its good reproduction of the partial discharge acoustic pattern that we want to detect.
The results are shown in figure 7 . A typical wave train shape is observed, as a result of applying the selected wavelet pattern in the decomposition. This pattern is typical of acoustic signals and has its characteristic frequency at 15 kHz. The pickup signal after the wavelet transformation is also a substantial improvement compared to other wavelet characterization systems [18] , since an acoustic signal is represented in a good way, when a pattern that represents the Daubechies db 16 transform wavelet is obtained at the output of the analysis. Moreover, as we should expect, the pattern attenuates as time passes, which is the typical behaviour of acoustic signals.
These results can be compared to those presented in [18] , which were obtained with piezoelectric acoustic sensors, rather than the optical fibre sensor, when looking for the best wavelet application. The noise levels with acoustic sensors are higher than those obtained in our experiment developed with the optical fibre. It becomes difficult to distinguish between acoustic signal and noise with the external acoustic sensors. Optical fibre results are clearer than others because of the good properties of the fibre which allows a highly significant reduction of EMI. The wavelet analysis carried out by the authors reveals the appearance of some cleaner signals due to the filtration effect of this technique, but although the appearance of a wavelet pattern is barely appreciated, it is not clearly observed in [18] . They also propose this technique for the location of the exact origin of the partial discharge, with different sensors in different places. Besides this, in [18] they do not look for the pattern used in the wavelet transformation and are also limited in noise filtering and identifying the origin of the discharge.
Conclusions
In this paper we present the results that have been obtained with a Mach-Zehnder interferometric system for measuring partial discharge as a change of the optical phase of the light in the optical fibre sensing arm. The experimental results indicate that this work can be applied to the detection of partial discharges in oil. We have obtained a clear signal between 15 and 17 kHz corresponding to the acoustic waves propagating in the oil generated by a partial discharge.
Wavelet analysis has provided a tool to identify the shape of the partial discharges. As a result, the characteristic pattern used to decompose the signal is obtained. Also it gives us temporal information about the signal that Fourier analysis cannot offer. Moreover, wavelet analysis helps to locate partial discharge.
Our system gives excellent results compared to other acoustic sensors and wavelet analysis [17, 18] . The main reason is the use of optical fibre placed inside the transformer, which is thus located in a good place to detect partial discharge. Also, compared to the conventional acoustic sensor, the optical fibre sensor has the advantages of being non-electrically conducting and having immunity to EMI and electrical noise. The quality of the signals obtained is much better than the quality observed by external piezoelectric sensors. We thus have proven observations of partial discharge. Finally, we can distinguish a discharge level of 30 pC which is limited by 10 −3 rad resolution of the interferometric signal.
Future work will improve the sensor for real application and in-field exploitation.
In power transformers low frequencies have to be prevented, such as core noise and oil circulation, which are avoided by using a soft fibre coating which causes sensitivity to decrease to under 2 kHz (similar to a high-pass filter). Future work will deal with the implementation of the system in a real medium-power transformer within the projects of our medium-power research plant (FUTURE Project), in a similar way as was described in [19] .
